In the field of dermatology and plastic and reconstructive surgery, fibrin gel is regarded as a material that promotes wound healing. To test the hypothesis that fibrin may promote the growth of the epidermis, we examined its effects on the proliferation of cultured keratinocytes. Human keratinocytes were cultivated in fibrincoated wells, and the cell numbers and transforming growth factor (TGF)-α , secreted into the cultured medium, were measured. We also assessed the capacity of epidermal growth factor receptor (EGF-R) that is responsible for all known actions of TGF-α and epidermal growth factor. The keratinocytes increased dramatically in their number, and the TGF-α secretion and the binding capacity of EGF-R were also increased dramatically in the presence of fibrin. These findings suggest that fibrin supports the proliferation of keratinocytes in an autocrine fashion via EGF-R; namely, fibrin stimulates keratinocytes to secrete TGF-α, which in turn increases cell proliferation and EGF-R capacity. We propose that fibrin can support the wound healing process of the epidermis via the TGF-α /EGF-R pathway.
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Fibrin gel is commonly used in clinical applications, as it had been originally developed as a biological glue for wound closure and tissue fixation. Therefore, it has mainly been used to stop bleeding and the loss of bodily fluid. Recently in the fields of dermatology and plastic and reconstructive surgery, fibrin gel began to be regarded as a material that promotes the wound-healing process and results in a good take rate for epidermis grafts and in faster wound healing.
There are several clinical reports on the use of fibrin gel as a wound healing promoter. Ronfard et al. (1991) used keratinocytes, which were cultured for a short time on fibrin gel, as a treatment for thermal burns and obtained good clinical results. Kaiser et al. (1994) cultured autologous keratinocytes with fibrin and developed them into an epidermal sheet, applied it in the treatment of thermal burns, and obtained a high take rate. Stark and Kaiser (1994) improved the take rates in the treatment of burns by combining glycerolpreserved allogenic skin with autologous keratinocytes cultured on fibrin gel. On the other hand, the in vitro study of Geer et al. (2002) showed that the migration of keratinocytes increased on fibrin gel that contained fibroblasts. In previous in vivo experiments, we surveyed various combinations of the supports that are used when transplanting cultured epithelium using nude mice and nude rats. We reported that more stable results are obtained by using the combination of fibrin and mesh (Yanaga et al. 2001 ). In 2003, Currie et al. (2003) reported that cell adhesion and epithelialization are promoted by spraying a suspension of fibrin and epithelial cells using porcine skin, and suggested the possibility of commercializing such a suspension.
Serum fibrinogen in the wound area is converted into fibrin, and then it forms a thrombus. Platelets in the thrombus secrete cytokines that stimulate the migration of fibroblasts and macrophages. These cells produce embryonic fibronectins in order to repair the wound, and the fibronectins become the basis of a cellular matrix made of various cytokines (Greiling and Clark 1997; Martin 1997) . However, the reason that fibrin itself promotes wound healing has remained obscure. We hypothesized that fibrin influences the proliferation capacity of keratinocytes (Barrandon and Green 1987) .
In this study, human keratinocytes were cultured on fibrin gel so their growth could be examined, and the transforming growth factor (TGF) -α was secreted into the medium. TGF-α is a major cytokine that promotes keratinocyte proliferation. Furthermore, epidermal growth factorreceptor (EGF-R) is known as a receptor of not only EGF but also TGF-α , which is approximately 30% homologous with EGF in terms of the amino acid level (Marquardt et al. 1983; Derynck 1988) . Accordingly, we examined the EGF binding capacity of EGF-R on human keratinocytes in the proliferation phase (Schreiber et al. 1986 ). This is the first report that shows that fibrin influences not only cell proliferation but also the TGF-α secretion and EGF-R affinity of cultured keratinocytes.
MATERIALS AND METHODS

Preparation of human keratinocytes for cultures
Cells for the cultures were prepared from excess normal skin obtained in reconstructive surgery. This study was approved by the Ethical Review Committee of Yamaguchi University, and the patients agreed to the use of samples of their skin. Approximately 2 cm 2 pieces of skin were sterilized with calcium-and magnesium-free phosphate buffered saline (PBS [-] ) supplemented with antibiotics and cut into fine pieces with scissors. Keratinocytes for the cultures were prepared according to the 3T3 cell feeder layer technique (Rheinwald and Green 1975; Green et al. 1979) . In short, the fine pieces were treated with 0.25% trypsin (Becton Dickinson, Franklin Lakes, NJ, USA) was added and they were kept at 4°C for one night, then the pieces were then gently shaken for 30 min at 37°C. The cell suspension was obtained by running the samples through a nylon mesh. As the primary culture, this cell suspension M, Invitrogen Corp, Carlsbad, CA, USA) was used containing 10% Fetal Calf Serum (FCS), hydrocortisone 0.5 ng/ml, insulin 5 mg/ml, triiodothyronine 2 × 10 -9 M and e p i d e r m a l g r o w t h f a c t o r 1 0 n g / m l ( O t s u k a Pharmaceutical, Hyogo). Cells were cultured at 37°C in a 10% CO 2 incubator. The present study used the cells after the second passage, in which only keratinocytes were cultured without 3T3 cells.
Fibrin layer preparation
The fibrin layer was prepared in 1.8 cm 2 wells. In a vial, 250 μ l of fibrinogen solution containing 80 mg of human fibrinogen, 60 times greater of human blood coagulation factor XIII, and 1000 KIE of aprotinin (BOLHEAL ® , Kaketsuken, Kumamoto, Japan) in 1 ml of solution were prepared. In another vial, 250 μ l of thrombin solution containing 300 units of thrombin and 14.7 mg of potassium chloride in 1 ml of solution was prepared. These 2 solutions were mixed and held at 4°C for one night in order to stabilize the fibrin gel layer in each well.
Seeding of human keratinocytes for cell growth and cytokine levels
Two culture groups were prepared in this study. In the fibrin group, cultured human keratinocytes (second passage, 1 × 10 4 cells/well) were seeded on fibrin-coated wells (1.8 cm 2 ), and in the control group the same number of keratinocytes were seeded directly on the culture well without fibrin. The serum-free medium for human keratinocytes without growth factors (Keratinocyte-SFM, Invitrogen Corp, Carlsbad, CA, USA) was used as the culture medium in order to eliminate the influence of various cytokines. The cells were then cultured at 37°C in a 10% CO 2 incubator.
Preparation of proliferative phase keratinocytes for a binding assay
In the examination of the binding capacity of EGF-R with 125 I-EGF, human proliferative phase keratinocytes, which were controlled by low Ca 2+ DMEM, were used, because proliferative phase keratinocytes could be clearly examined in the binding capacity of EGF-R, in which the condition of the basal cell layers in the epidermis was revealed. DMEM supplemented with 10% FCS containing 1.8 mM Ca 2+ was used at the initial cell seeding. After cell adhesion was completed, the Ca 2+ level was decreased to 0.1 mM, and the FCS was also changed to the serum which had been treated with Chelex 100 resin (Bio-Rad Laboratories, Hercules, CA, USA) to remove endogenous Ca 2+ (Brennan et al. 1975) .
Cell growth
After culture supernatant was collected from each culture well for the purpose of cytokine measurement, the culture wells were washed with PBS(-) and soaked in PBS(-) containing 0.1% trypsin and 0.02% ethylenediamine-tetra-acetic acid (EDTA) for 10 min in order to scatter the cells. The cells were collected in 15 ml conical tubes and centrifuged at 1000 rpm for 5 min. After the supernatant was removed, 1.0 ml of DMEM was added to each tube in order to suspend the cells. One hundred μ l of the cell suspension was poured into a 96-well microplate, and 10 μ l of water soluble tetrazolium salt-1 (WST-1) coloring agent (Dojindo Laboratories, Kumamoto) was added to each well. This assay is based on a WST-1 that is cleaved to formazan by mitochondrial enzymes. The reaction continued for 4 hours in a 10% CO 2 incubator. Absorbance was measured using a microplate reader (Model 550, Bio-Rad Laboratories, Hercules, CA, USA) by setting the test wavelength at 450 nm and the reference wavelength at 650 nm, and the obtained values were converted into cell numbers based on absorbance of the well-known cell numbers. The cell number was measured on the 1st, 3rd, 5th and 7th days of the culture.
Cytokine levels
The TGF-α level in the culture medium was measured by using TGF-α Enzyme Linked Immuno Sorbent Assay (ELISA) kits (Japan Immunoresearch Laboratories, Gunma). The levels obtained were converted to values per 10 4 cells.
Statistical analyses
Statistical analysis using the unpaired Student t-test was performed on cell numbers and TGF-α levels. P values less than 0.001 were considered statistically significant (n = 6 in each experiment).
I-EGF binding to EGF-R of proliferative phase keratinocytes
As the first step, proliferative phase keratinocytes were cultured in 1.8 cm 2 wells with Keratinocyte-SFM at 37°C in a 10% CO 2 incubator for one day. The following binding assay was performed at 4°C (O'Keefe et al. 1982 (O'Keefe et al. , 1983 . The cultured cells were washed twice with 1 ml of the binding buffer, Hank's buffered salt solution (HBSS, Calcium-free), 20 mM of N-2-hydroxyethylpiperazine-N´-2´-ethanesulfonic acid (HEPES) and 0.1% bovine serum albumin, added to 125 I-EGF (0-100 nM, Amersham Biosciences Co., Piscataway, NJ, USA) in DMEM. Nonspecific binding was measured in the presence of a 100-fold excess of unlabelled EGF (Becton Dickinson, Franklin Lakes, NJ, USA) and let stand for 16 hours at 4°C. The reaction was stopped by washing the cell layers twice with one ml of the above-mentioned binding buffer. The cell layers were then resolved in one ml of 0.1N NaOH-1% Sodium dodecyl sulfate (SDS), and the 125 I-EGF that bound with EGF-R on the cell membrane was counted by using an auto-well γ-counter (ARC-1000, ALOKA, Tokyo).
Statistical analyses
EGF-R affinity and number per cell were determined using the Scatchard Plot analysis by GraphPad Prism ver.4. (GraphPad Software Inc. San Diego, CA, USA)
RESULTS
Cell growth and TGF-α secretion in human keratinocytes
The cell numbers per well of the cultured keratinocytes with or without fibrin gel on the 1st, 3rd, 5th and 7th days of culture were measured (Fig. 1) . There was no difference in the cell numbers after 24 hours of cultivation, but after three Fig. 1 . Number of human keratinocytes cultured with or without fibrin (n = 6). The cells were cultured at 37°C in a 10% CO 2 incubator for 1, 3, 5 or 7 days. There was almost no difference in the cell numbers after 24 hours of cultivation, but after three days, in the fibrin group (cultured on fibrin gel layer), the increment of the cell counts was significantly larger than in the controls (cultured on untreated well, p < 0.0005 on the 3rd, p < 0.0001 on the 5th day and 7th day, unpaired Student's t-test). Fig. 2 . The secreted TGF-α from human keratinocytes cultured with or without fibrin (n = 6). The TGF-α levels were measured by using the supernatant of the keratinocytes cultured medium. The TGF-α levels were significantly higher in the fibrin group than in the controls (p < 0.0001, unpaired Student's t-test).
days, the numbers in the fibrin group was significantly higher than in the controls (p < 0.005 on the 3rd day [1.9 times] and 7th day [3.5 times] and p < 0.0001 on the 5th day [5.2 times]). The TGF-α level secreted into the culture medium (Fig. 2) increased over the culture period. The level in the fibrin group was significantly higher than in the controls (p < 0.0001). On the 3rd day, the level in the fibrin group was already 10 times that of the controls.
Capacity of EGF-R on proliferative phase keratinocytes
The 125 I-EGF binding to the EGF-R of proliferative phase keratinocytes in the fibrin group was higher than in the controls at all levels of concentration in 125 I-EGF (Figs. 3A and 3B ). In the Scatchard Plot Analysis (O'Keefe et al. 1982, O'Keefe and Payne 1983; Nunez et al. 1993) , both the fibrin and control groups presented two phases. This means that there are 2 types of EGF receptor on keratinocytes, i.e., one with high af- I-EGF level added to the culture. The binding capacity in the fibrin group was higher than in the control group at all tested concentrations. (B) Results of Scatchard Plot Analysis on the above data. The result showed two phases and indicated the presence of high-and low-affinity EGF-R. The binding capacity was higher in the fibrin group than in the control in terms of their binding constants and numbers.
(A) (B) finity and the other with low affinity (Table 1) . The dissociation constant (Kd) values in the fibrin group were 6.9 × 10 -11 M (high-affinity class) and 1.6 × 10 -9 M (low-affinity class), while the Kd values in the control group were 1.2 × 10 -10 M (high-affinity class) and 2.8 × 10 -9 M (low-affinity class). The numbers of EGF-R binding sites per cell in the fibrin group were 1.4 times (high-affinity class) and 1.1 times (low-affinity class) those of the controls.
DISCUSSION
Although wound healing has been reported to proceed in several steps (McKay and Leigh 1991; Rapala 1996; Martin 1997) , the re-epithelialization of wound sites is the most important step, particularly in cases of major skin damage such as thermal burns, because life-threatening infectious diseases can develop if epithelium closure does not occur within several weeks. Therefore, quick reconstruction of the epithelium is very important in clinical medicine.
In the 1990s, the technology incorporating cultured epithelial cells for use in the treatment of extensive burns progressed remarkably. Further improvements were subsequently made in order to shorten the time required for wound closure. Fibrin preparations have been commonly used in wound treatment. In addition to its role in blood coagulation, fibrin has been suggested to play a role in the wound-healing process itself. Fibrin was studied in vitro in relation to the migration and proliferation of fibroblasts and to the absorption of proteins such as fibronectin (Younai et al. 1994 (Younai et al. , 1996 . Those studies not only showed that fibrin works as a biological glue that connects tissues and stops bleeding, but also supported the notion that fi brin promotes a migratio n / proliferation of endothelium and fibroblasts and a remodeling of the extracellular matrix.
We sought a substance to speed up the re-epithelization, and considered that fibrin might accelerate the wound closure process given its hypothetical effects on the growth of epithelium. In this study, we decided to investigate the effects of fibrin on the cultured keratinocytes by examining the cell counts and the TGF-α level in the culture medium. We investigated the binding capacity of the EGF-R on the cultured keratinocytes. It is known that epithelial cells differentiate into keratinous cells during the proliferation and differentiation of basal cells that have proliferative potential. In cultured epithelial cells, the keratinous phase and proliferative phase can be controlled by the Ca 2+ concentration in the culture media. Based on the experiments, we prepared a keratinous phase cell model to differentiate at high Ca 2+ concentration (1.8 mM) and a basal cell model having ample ability to differentiate at low Ca 2+ concentration (0.1 mM). The EGF-R affinity of both of these models was investigated, and it was confirmed that the EGF binding capacity at low Ca 2+ concentration is roughly 1.6 times that at high Ca 2+ concentration (data not shown). Accordingly, in this study, we examined the effect of fibrin on epithelial cells using medium containing 0.1 mM Moreover, when these results were analyzed with a Scatchard plot to determine the qualitative and quantitative changes in EGF-R, both the binding constant (Ka) and the number of binding sites of EGF-R increased for both the high affinity and low affinity classes in the fibrin group. Our experiment showed that the proliferation and TGF-α production of keratinocytes were dramatically increased by the addition of fibrin. The TGF-α secreted by keratinocytes acts as a mitogen of keratinocytes (Rappolee et al. 1988; Reinartz et al. 1993) and at the same time increases the EGF binding capacity of the EGF-R. This would imply that cell proliferation is a function of the autocrine system and that these actions each represent a part of this function, resulting in the promotion of the loop in positive feedback. Also, TGF-α is reported to not only cause the proliferation and migration of keratinocytes but also to accelerate angiogenesis in the dermis (Schreiber 1986; Ono et al. 1992) . Increased TGF-α production in the wound area also accelerates dermis regeneration, and would be very favorable for subsequent wound healing in the dermis.
Fibrin would accelerate the closure of wounds by re-epithelization before the completion of dermal reconstruction, thus resulting in the formation of aseptic connective tissue which would prevent life-threatening infections. The biological role of fibrin in wound healing is not limited to the formation of connective tissues. The application of fibrin to the wound area could accelerate the reconstruction of the epidermis, shorten the wound-healing process, and contribute to early healing and the prevention of life-threatening infections.
